This study provides data on the distribution and relationship of C. difficile PCR ribotypes in diarrhoeic calves in Germany. C. difficile was isolated from 176 of 999 (17.6 %) faecal samples or swabs of diarrhoeic calves from 603 farms collected between January 2010 and August 2012 by eight federal laboratories of six states. Strains were assigned to 17 PCR ribotypes. PCR ribotypes 033 (57 %), 078 (17 %) and 045/FLI01 (closest match to 045 in the WEBRIBO database; 9 %) were found the most frequently. Nine per cent of all culture-positive tested animals shed more than one multiple locus variable number tandem repeat analysis (MLVA) or PCR ribotype. Eight PCR ribotypes with related profiles (including 033, 078 and 045/FLI01) representing 92 % of all isolates were grouped into three clusters. Molecular relatedness was supported by the absence of the MLVA locus A6 Cd only in clustered strains and identical toxin gene profiles for strains within each cluster. Previously reported mulitilocus sequence typing analysis for PCR ribotypes that were also recovered in this study found identical sequence types and a tcdC deletion (D39 bp) for 033, 045, 078 and 126 (ST-11), confirming this clustering. A different geographical occurrence of PCR ribotypes was shown for cluster 033 (found more frequently in southern Germany) and 045 (found more frequently in northern Germany). This study showed that clusters of C. difficile PCR ribotypes related to 033, 078 and 045 are predominant in diarrhoeic calves in Germany. The high number of strains belonging to PCR ribotype 078 demonstrated that diarrhoeic calves are also potential reservoirs for human pathogenic C. difficile strains.
INTRODUCTION
Clostridium difficile is an anaerobic, Gram-positive, sporeforming and rod-shaped bacterium that causes gastrointestinal infections [C. difficile infection (CDI)] in humans with symptoms ranging from mild diarrhoea to severe pseudomembranous colitis . The major virulence factors are two high-molecular-mass toxins, the enterotoxin TcdA and the cytotoxin TcdB (Thelestam & Chaves-Olarte, 2000; Rupnik & Just, 2006; Jank et al., 2007; Kuehne et al., 2011) . Some strains additionally produce the binary toxin CDT (Stubbs et al., 2000) . Human disease is closely associated with hospitalization, but community-associated CDI is increasingly being reported (Wilcox et al., 2008; Khanna et al., 2012) . Companion animals such as dogs and cats, but also farm animals such as pigs and cattle, are possible reservoirs for human pathogenic C. difficile strains (Debast et al., 2009; Weese et al., 2010; Koene et al., 2012; Rodriguez et al., 2012) . Foods (meat, salads, fish and seafood) are often contaminated with virulent C. difficile strains (Rodriguez-Palacios et al., 2009; Metcalf et al., 2010; Metcalf et al., 2011) . However, transmission of C. difficile from animals or foods to humans has so far not been demonstrated, and its zoonotic potential is subject to discussion .
C. difficile is pathogenic also for various animal species, including hamsters, guinea pigs, rabbits and horses (Keel & Songer, 2006) . Songer & Anderson (2006) reported C. difficile as a major cause of neonatal enteritis in piglets. Some authors have speculated that calves may also be affected by CDI (Rodriguez-Palacios et al., 2006; Hammitt et al., 2008) . C. difficile prevalence reported for calves younger than 21 weeks ranged from 2 to 61 % and for animals older than 6 months from 1 to 17 % (Princewell & Agba, 1982; Rodriguez-Palacios et al., 2006; Hammitt et al., 2008; Pirs et al., 2008; Avbersek et al., 2009; Indra et al., 2009; Costa et al., 2011; Rodriguez-Palacios et al., 2011a, b; Zidaric et al., 2012) . PCR ribotype 078 has been described to be predominant in cattle in North America, whilst it was isolated less frequently from bovines in Europe (Keel et al., 2007; Hammitt et al., 2008; Pirs et al., 2008; Avbersek et al., 2009; Indra et al., 2009; Hoffer et al., 2010; Costa et al., 2011; Rodriguez-Palacios et al., 2011a, b; Costa et al., 2012; Koene et al., 2012; Rodriguez et al., 2012; Romano et al., 2012; Zidaric et al., 2012) . Isolation rates for diarrhoeic and non-diarrhoeic calves were similar ranging from 2 to 25 % and 1 to 15 %, respectively (Rodriguez-Palacios et al., 2006; Hammitt et al., 2008; Pirs et al., 2008; Avbersek et al., 2009) . Rodriguez-Palacios et al. (2006) reported a correlation between the presence of faecal C. difficile toxins and calf diarrhoea. Hammitt et al. (2008) could not confirm this finding but showed that diarrhoeic calves were nearly twice as likely to be culture positive for C. difficile. Purified toxins A and B also caused lesions and fluid accumulation in ligated intestinal loops (Hammitt et al., 2008) . However, Rodriguez-Palacios et al. (2007) failed in their attempt to provoke diarrhoea in calves by oral administration of virulent C. difficile strains.
Several authors have studied the prevalence of C. difficile in cattle but did not distinguish between PCR ribotypes obtained from diarrhoeic and non-diarrhoeic animals (Rodriguez-Palacios et al., 2006; Hammitt et al., 2008; Avbersek et al., 2009; Romano et al., 2012) . Thus, information on PCR ribotypes in diarrhoeic cattle is rare. Pirs et al. (2008) isolated C. difficile from one out of 56 diarrhoeic calves (1.8 %) in Slovenia and assigned the strain to PCR ribotype 033, whilst Zidaric et al. (2012) detected a multiclonal presence of PCR ribotypes 033, 126, 045 and 078 in diarrhoeic and non-diarrhoeic calves from a veal farm in Belgium. The current study provides insights into C. difficile PCR ribotype diversity in diarrhoeic calves in Germany.
METHODS
Sampling. State laboratories and institutes of the German states were asked to contribute samples from diarrhoeic calves to this investigation. Eight laboratories of six states volunteered to participate (Fig. 1) . The laboratories provided faecal samples from Table S1 , available in JMM Online). Faecal samples and swabs were stored at 220 uC, shipped cooled and processed immediately or refrozen at 220 uC.
Isolation and identification. Faecal samples (~0.5 g) and swabs were inoculated into 10 ml C. difficile moxalactam/norfloxacin broth (CDMN; Oxoid) containing 0.1 % sodium taurocholate (SigmaAldrich). A 100 ml aliquot of this mixture was then plated onto CDMN agar. Enrichment cultures and agar plates were incubated at 37 uC under anaerobic conditions for 14 and 2-3 days, respectively. Enrichment culture (1 ml) was mixed with 1 ml 99 % ethanol and incubated for 30 min at room temperature to select for spores. The mixture was centrifuged at 5000 g for 10 min, the supernatant was removed and the pellet was resuspended in 200 ml 0.85 % NaCl. A 100 ml aliquot was plated onto CDMN agar and incubated anaerobically at 37 uC for 2-3 days. Colonies showing irregular margins and a branched morphology, weak green fluorescence at 365 nm and a positive L-proline-aminopeptidase test were subcultured at least three times on CDMN agar.
Toxin gene detection, PCR ribotyping and MLVA. DNA preparation was performed with 48 h blood agar cultures using a DNeasy Blood and Tissue kit (Qiagen). All strains were confirmed as C. difficile by cdd3 PCR and characterized by PCRs for the toxin genes tcdA (toxin A, non-repeating region: primer pair NK2/NK3, repeating region: primer pair NK9/NK11), tcdB (toxin B, non-repeating region: primer pair NK104/NK105) and binary toxin genes cdtA and cdtB, as described previously (Kato et al. 1998; Zidaric et al. 2008) . Strains PCR positive for the non-repeating region of toxin A always showed a 1200 bp product in PCR for the repeating region. Capillary gel electrophoresis-based PCR ribotyping was performed according to the protocol of Indra et al. (2008) using an Applied Biosystems 3130 Genetic Analyzer and GeneScan-600Liz size markers (capillary: 36 cm, gel: POP7). For raw data readout, Peak Scanner software v1.0 (Life Technologies) was used. The resulting peak patterns were assigned to PCR ribotypes using WEBRIBO database (http:// webribo.ages.at/). In cases of incomplete match, PCR ribotypes received the acronym of the best matching WEBRIBO PCR ribotype and the suffix '/FLI01'. For PCR ribotype neighbourhood analysis, BioNumerics software v6.6 was used. Cluster analysis was calculated based on the categorical coefficient and unweighted pair group method using arithmetic averages (UPGMA). MLVA was carried out according to the method of van den Berg et al. (2007) with the following modifications: DreamTaq DNA polymerase (Fermentas) was used instead of the HotStarTaq Master Mix (Qiagen) and therefore initial heating was reduced to 2 min (instead of 15 min). For amplification of locus B7 Cd , the magnesium chloride concentration was adjusted to 4 mM and the annealing temperature was reduced to 47 uC (Bakker et al., 2010) . Repeat copy numbers were estimated by correlating the lengths of PCR products with true repeat unit numbers determined by sequencing (linear regression). For cluster analysis, BioNumerics with UPGMA was used. Differences of more than one repeat unit for one locus or variations in more than one locus were interpreted as indicative of different MLVA types (van den Berg et al., 2007) .
Statistical analysis. Binary data were analysed by x 2 tests using PASW v17.0 software. Test results with P,0.05 were considered statistically significant. The 95 % confidence intervals (CI) specifying laboratory isolation rates were calculated using the method of Clopper & Pearson (1934) .
RESULTS

Farms and laboratories, culture methods and C. difficile isolation rates
This study investigated a total of 999 diarrhoeic calf samples obtained from 603 farms (Table 1) . Overall, 70 % of all samples were collected in southern Germany (AUL, STU and FRE), 6 % in the central region (DRE, BAD and JEN) and 24 % in the northern federal states (ROS, OLD and NEU) (Fig. 1) . Information on age was available for 892 animals (89 %; Table S1 ). The age was given in days, weeks or months. Data were categorized into age groups based on weeks (Table S1) . No age or an insufficiently precise age indication was recorded for 107 animals (Table S1 ). Table 2 ). The prevalence found for animals of 4 weeks of age and older (1 positive out of 41 animals, 2 %) was significantly lower than for younger animals (age groups 1-3, 158/851 animals, 19 %) (x 2 test, P50.010). A possible seasonality of C. difficile could not be ascertained due to missing or imprecise information on sampling dates.
Distribution of PCR ribotypes
C. difficile isolates were assigned to 17 PCR ribotypes (Table 3) . Thirteen PCR ribotypes (76 %) were PCR positive for toxin genes A and B, nine (53 %) for the binary toxin genes and seven (41 %) for all of them (Table  3 ; Fig. 2 ). Strains isolated from the 18 samples that were positive in direct plating but negative in enrichment culture were assigned to PCR ribotypes 033 (12 samples), 045/FLI01 (three), 078 (one), 010 (one) and 029 (one).
Neighbourhood analysis based on the PCR ribotype peak pattern generated three clusters with related PCR ribotypes (compliance .92 %; Fig. 2 tcdB + , cdtA + , cdtB + ). The clusters represented 92 % (167/ 181) of the isolates. The UPGMA distance between the clusters was 87 % and the minimal compliance of clustered and non-clustered PCR ribotypes was 60 % (Fig. 2) .
Between 1 and 13 samples were received from single farms (mean: 1.7). From 6 of 142 farms positive for C. difficile (4 %), 2 PCR ribotypes were obtained. In one farm, two different samples were positive for PCR ribotypes 126 and 078, respectively. The simultaneous occurrence of two C. difficile PCR ribotypes was identified in 5 of 176 (3 %) samples obtained from 5 of 142 farms (Table 3) . From four samples, PCR ribotype 033 or 660 was recovered by direct plating, whilst the corresponding enrichment culture revealed PCR ribotype 078. One sample was positive for PCR ribotype 033 by direct plating but yielded 660 by enrichment culture.
Strains of cluster 033 were more often found in positive tested farms from southern Germany (82/114) than in the northern states (11/25; x 2 test, P50.010), whilst strains of cluster 045 were more often found in the north (6/25) than in the south (8/114; Fisher's exact test, P50.021; Table 3 ). Three C. difficile strains obtained from central Germany could not be assigned to any of these clusters (PCR ribotypes 005, 014/0 and 049/FLI01). Increased incidence of PCR ribotype clusters in distinct age groups (1, 2 and a pooled group with animals 3 weeks of age and older) was not detected (Fisher's exact test, P50.314; Table 2 ).
MLVA
All C. difficile isolates were typed with MLVA considering seven loci (Fig. S1 ). In 215 isolates (93 %), locus A was not detectable; these isolates belonged to the three predominant PCR ribotype clusters (Fig. S1 ). The remaining 17 isolates were assigned to nine PCR ribotypes that do not belong to the clusters.
From 56 isolate pairs, obtained from samples positive in both direct plating and enrichment culture, 27 showed identical MLVA profiles, three pairs had one repeat difference in locus B7 Cd , seven pairs showed one repeat difference in C6 Cd and three pairs had one repeat difference in G8 Cd . Mutations in more than one locus (five pairs plus five pairs being positive for two different PCR ribotypes) or a difference of more than one repeat unit in a single locus (six pairs) was detected in 16 pairs indicating different strains. Therefore, 16 of 176 diarrhoeic calves (9 %) shed more than one C. difficile strain.
Twenty-two farms were repeatedly positive for C. difficile. In 18 farms, more than one MLVA type was found, whilst in 12 farms, strains of identical MLVA types were isolated from different animals. Four strains with identical MLVA types from the same farms were also isolated from samples at different collection times [PCR ribotypes 033 (2), 045/FLI01 and 078].
MLVA was also used to exclude laboratory cross-contamination in the case of those samples (18) that were positive A. Schneeberg and others in direct plating but negative in enrichment. Therefore, MLVA profiles identical to the respective strains were evaluated: 14 isolates showed MLVA profiles that differed from all other strains in this study. Two isolates matched other strains but were obtained from animals from the same farm. One strain showed MLVA profiles identical to two other strains from calves from a farm that was 4 km away. No geographical or any other connection was found for three strains with identical MLVA profiles obtained from two farms (70 km apart). However, the samples and cultures were processed at different times.
DISCUSSION
This study provides the first insights into the presence, diversity and relationship of C. difficile PCR ribotypes in diarrhoeic calves in Germany. C. difficile was detected in 17.6 % of samples whereas Rodriguez-Palacios et al. (2006) and Pirs et al. (2008) found significantly lower rates of 8 and 2 %, respectively, in diarrhoeic calves. In contrast, Hammitt et al. (2008) found in diarrhoeic calves a significantly higher number of 25 %. The reason for these discrepancies could not be ascertained. The use of different culture methods or differences in study design (e.g. animal age, season of sampling) should be considered as possible reasons ( The prevalence of binary toxin gene-positive C. difficile strains (93 %) found in this study is as high as in other reports. This is particularly caused by the predominance of binary toxin-positive PCR ribotype 078 in cattle (Rodriguez-Palacios et al., 2006; Hammitt et al., 2008; Costa et al., 2011; Rodriguez et al., 2012) . In contrast, the prevalence of binary toxin-positive strains reported for humans and other species is much lower, although the proportion of CDT-positive strains in the human population has increased in recent years (Rupnik, 2007; Bauer et al., 2011; Koene et al., 2012) . These findings may indicate a significant role of this toxin in the adaptation of C. difficile to its animal host. Clostridium perfringens type E harbouring the structurally related iota toxin causes antibiotic-associated enterotoxaemia in rabbits and is involved in sporadic outbreaks of diarrhoea among calves and lambs (Sakurai et al., 2009) . Both CDT and iota toxin share the lipolysisstimulated lipoprotein as membrane receptor for toxin uptake (Papatheodorou et al., 2011) . A key role of C. difficile binary toxin in calf diarrhoea should therefore not be excluded. Interestingly, Rodriguez-Palacios et al. (2007) used a binary toxin-negative strain of PCR ribotype 077 for their unsuccessful attempt to provoke diarrhoea in calves. P221  P224  P232  P234  P265  P285  P286  P305  P324  P325  P326  P328  P364  P367  P369  P371  P377  P382  P386  P412  P425  P429  P443  P445  P453  P455  P484  P485  P486  P488  P527  P543  P545 The PCR ribotypes found in this study have been described previously in diarrhoeic calves. Pirs et al. (2008) found a strain of PCR ribotype 033 in one of 56 samples of diarrhoeic calves. PCR ribotype 014/0, found in this study, was recovered previously from a cow sampled in an abattoir in Austria (Indra et al., 2009) . Strains of PCR ribotype 014 have also been isolated from dairy calves in Canada and in a slaughter cow in Belgium (RodriguezPalacios et al., 2006; Rodriguez et al., 2012) . Zidaric et al. (2012) detected PCR ribotypes 033, 126, 078, 045 and 010 in diarrhoeic calves on a veal farm in Belgium. Strains of PCR ribotypes 033, 045, 078 and 126 have also been isolated from non-diarrhoeic calves (Koene et al., 2012; Zidaric et al., 2012) . Therefore, the data presented in our study indicated no link between diarrhoea and the occurrence of distinct PCR ribotypes.
PCR ribotypes 033, 078 and 045/FLI01 were predominant in this study. The most commonly recovered PCR ribotype of this study, 033, continuously occurs in cattle but has been reported to be less common than 078 to date (Rodriguez-Palacios et al., 2006; Keel et al., 2007; Hammitt et al., 2008; Avbersek et al., 2009; Koene et al., 2012; Romano et al., 2012; Zidaric et al., 2012) . In contrast, PCR ribotype 033 is uncommon in food animals other than calves (Hammitt et al., 2008; Keel et al., 2007) . According to previous studies, all strains of PCR ribotype 033 obtained in this study were negative for toxin A and B PCR and positive for the binary toxin genes (Pituch et al., 2006; Avbersek et al., 2009; Romano et al., 2012) . However, other authors have isolated 033 strains positive for toxin A and binary toxin genes but negative for toxin B gene (Knetsch et al., 2011; Koene et al., 2012) . PCR ribotype 078 is the predominant bovine PCR ribotype in the USA and Canada but was rarely isolated from European cattle until 2012 (Keel et al., 2007; Hammitt et al., 2008; Pirs et al., 2008; Avbersek et al., 2009; Indra et al., 2009; Hoffer et al., 2010; Costa et al., 2011; Rodriguez-Palacios et al., 2011a, b; Koene et al., 2012) . Recent studies from Europe corroborate our findings, showing higher isolation rates of 078 in calves, possibly indicating epidemiological changes (Rodriguez et al., 2012; Zidaric et al., 2012) .
PCR ribotypes 033, 660, 045/FLI01 and 078 were found also in animals older than 2 weeks. Zidaric et al. (2012) showed that PCR ribotypes 078 and 126 can colonize calves for longer than other PCR ribotypes. Therefore, they assumed that these two PCR ribotypes are best adapted to the animal host.
PCR ribotypes 014, 078, 126, and 023 are considered to be pathogenic for humans. In particular, PCR ribotypes 014 and 078 are increasingly recognized as important causes of human CDI (Goorhuis et al., 2008; Jhung et al., 2008; Rupnik et al., 2008; Jamal et al., 2010; Zaiss et al., 2010; Bauer et al., 2011; Koene et al., 2012) . PCR ribotypes 023 and 126 are found only occasionally in diarrhoeic patients (Bauer et al., 2011; Koene et al., 2012; Reil et al., 2012) .
Although the diversity of PCR ribotypes detected in this study was high, 92 % of all isolates belonged to only three PCR ribotype clusters (Fig. 2) . These clusters comprised eight profile-related PCR ribotypes that differed significantly from the other detected PCR ribotypes. Molecular relatedness was supported by the lack of MLVA locus A6 Cd in all clusters, whilst the remaining PCR ribotypes harboured this locus. A consistent toxin gene profile confirmed the molecular relatedness of PCR ribotypes within each cluster. A recently published study showed six monophyletic lineages of C. difficile based on multilocus sequence typing using seven housekeeping genes (Knetsch et al., 2012) . Knetsch et al. (2012) assigned PCR ribotypes 078, 126, 033 and 045 to lineage 5 and showed that these types were highly related, as they displayed the same sequence type, ST-11, and contained a deletion (D39 bp) in the tcdC gene (Knetsch et al., 2012) . PCR ribotypes of this study that did not belong to the clusters [005 (ST-6), 010 (ST-15), 014 (ST-2, ST-14 and ST-49), 023 (ST-5) and 029 (ST-16)] were described to be part of lineage 1 (Knetsch et al., 2012) . Therefore, the clustering described in this study is in good agreement with previous reports (Knetsch et al., 2012; Stabler et al., 2012) .
Strains of cluster 033 were more often isolated in southern Germany, whilst cluster 045 was found more often in northern states. The reason for this finding is unclear but may reflect breeding or commercial chains also described recently for pigs (Lentz et al., 2011 ; T. Selhorst, FriedrichLoeffler-Institut Wusterhausen, Germany, personal communication).
Studies conducted recently in the USA and Belgium also found clusters of related PCR ribotypes in calves. Rodriguez-Palacios et al. (2011b) found several clusters with related PCR ribotypes in calves, one cluster showing similarities to PCR ribotype 078. For the other PCR ribotype clusters, no references were made to the international Cardiff nomenclature and the data are thus not comparable to our findings. Zidaric et al. (2012) isolated strains of closely related PCR ribotypes (126, 078, 033 and 045) in a single calf farm in Belgium. However, they showed that these PCR ribotypes were not clonal (differences in PFGE type, sporulation properties, antibiotic sensitivities and tetracycline resistance determinant) and assumed that multiple strains of the same PCR ribotype infected these calves. Comparative whole-genome analyses should be conducted to clarify the phylogenetic relationships of the identified PCR ribotype clusters and mulitilocus sequence typing lineages.
CONCLUSION
We showed that three PCR ribotype clusters related to ribotypes 033, 078 and 045 were predominant in diarrhoeic calves in Germany, and PCR ribotype 033 was most commonly recovered. Clustering was approved by multilocus sequence typing reported previously. Comparing our findings with earlier reports, there is no clear link between diarrhoea in calves and the occurrence of distinct PCR ribotypes. This study also showed that diarrhoeic calves are potential reservoirs for emerging human pathogenic C. difficile PCR ribotypes.
